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(57) ABSTRACT

Methods, apparatuses, and systems are disclosed for flexible
thermal ground planes. A flexible thermal ground plane may
include a support member. The flexible thermal ground plane
may include an evaporator region or multiple evaporator
regions configured to couple with the support member. The
flexible thermal ground plane may include a condenser region
or multiple condenser regions configured to couple with the
support member. The evaporator and condenser region may
include a microwicking structure. The evaporator and con-
denser region may include a nanowicking structure coupled
with the micro-wicking structure, where the nanowicking
structure includes nanorods. The evaporator and condenser
region may include a nanomesh coupled with the nanorods
and/or the microwicking structure. Some embodiments may
include a micromesh coupled with the nanorods and/or the
microwicking structure.

27 Claims, 41 Drawing Sheets

Connection layer

{Metai or thenially conductive materials 110§

£30

for lamination L el
% >

Ligusd

FTGR Subsirate (1LCP, Kapton or other polymer materials) / §

\ . ) .
n, Moisture parrier coating using atoniic layer deposition,

™ ghermical vapor deposition or thin metat laminated.



US 9,163,883 B2

Page 2

(56) References Cited 2006/0283576 Al* 12/2006 Laietal. ............ 165/104.26
2007/0035927 Al* 2/2007 Erturketal. ........... 361/700
U.S. PATENT DOCUMENTS 2007/0068657 Al* 3/2007 Yamamoto etal. ...... 165/104.26
2007/0089864 Al* 4/2007 Changetal. ............. 165/104.26
2006/0090882 Al*  5/2006 SauCIUC ....cooovrr.. 165/104.26 2008/0210407 Al*  9/2008 Kimetal. ........... 165/104.26
2006/0124280 Al* 6/2006 leeetal. .ovveienin, 165/104.26 2009/0236080 Al*  9/2009 L!Il etal. .. . 165/104.26
* e 2009/0294104 Al* 12/2009 Linetal. ... . 165/104.26
2006/0131002 Al 6/2006 Mochizuki et al. ...... 165/104.26 5010/0200199 Al* 872010 Habib et al 165/104.26

2006/0196640 Al* 9/2006 Si . 165/104.26 T ’

2006/0283574 Al*

12/2006

165/104.26 * cited by examiner



US 9,163,883 B2

Sheet 1 of 41

Oct. 20, 2015

U.S. Patent

t DI

‘PEIBULLE| [EISW Uiy Jo uniisodap Joden eoiwsyo \ |
‘vopsodap seke; onoie Buisn Buneos Jsueqg ainisiop - O
<

(steusiew Jswhiod Jayio Jo uodeyt 'd31) S1easans d9.Ld

vt H0ET j
_ 1 ¥
IRy

FOLE

P e
\m_\«: “::__ﬁ\_ 1

\\\\ - uopeutwe; joj

sfeualBW BAONPUOD Ajleuusy) JO elep JoAE] UCHOBULO?

e

601



U.S. Patent Oct. 20, 2015 Sheet 2 of 41 US 9,163,883 B2

-

206 ™~

1204 120+ 1365 130+
kEvapcra’mr \Evapamtm \CQ;";d@nSe{ Condenser
1i0 Condenser
Evaporator
Condenser ,
Evaporator
Evaporator
Evaporator
Condenser
Condenser

FIG. 2



US 9,163,883 B2

Sheet 3 of 41

Oct. 20, 2015

U.S. Patent

fed JEOH OJUIH
sutd Jaddon :

(roresnrnnrnnss BRI

£ D14

ajqeay pue

opduns (uonRIng
addigl 120K 10} SUNTAD
slgpesid 01 Be
‘Bady SRSUNDINL 8

TALARIBPUOTY BULBUL 4918
AARSNDUOTS IBULIBYL YDIAR P

fena BUlRo IXON O

<

Buneon sigoydoipiy
1Y + SUL] OUBN/OISHR
BUTOIAR 2

sona Buoos e G, n\wﬂ

e

IDSUBPUON

ot
SRR ]

dJT 400 Mot uc-aiyd
~UO-GIY D) JUDIBLISHY
uoisuedxy jpuoyy e

{

BUILUN|Y
Y e

BURROT euilunty v

d071) 1awhjo g sk pmnbiy

Anonsuiiay |

+ U4 OUBN/OIIA BUDIOIA 7



US 9,163,883 B2

Sheet 4 of 41

Oct. 20, 2015

U.S. Patent

[0A9] SUI[00D JXdU O],

IRRREEN

‘soyepdiaoy
2IMINIISOUBY SE Pasn

9q urd RwAodod YoojqI(g m
—_— N Y S [ -
T : 0
vy \\‘,W\ /,r\
sy i
HINNIRIN / BIBISHRE T o
L A S / ?aL@mﬂ:m m,mEb od
\\fl 0D D ,fL\\ / AT .r
Voo
e fewhjoy AN
.\\ \W ~—
5 8
- Rﬁmﬂ{»ﬂ);@.{i}\h\ . i/ I
e e = ,./.\'Ll / N e M\ —
T «%%M.nw W\FNJ 1 OAVO&”IJJ)V N&IYJALO o)
R R R N — N
e e S SR e R e A B 1 |
o= T pﬂ.‘\lxvij |

e
—_—
_—
—
——
—
—_

SAYSOUL QUEN



US 9,163,883 B2

Sheet 5 of 41

Oct. 20, 2015

U.S. Patent




US 9,163,883 B2

Sheet 6 of 41

Oct. 20, 2015

U.S. Patent

9 "DId
{ay}1 ‘su Buiby

mmmm 0008 004¢ mmmm gost 000L 008 O
N e o jﬂimééﬁaﬂq m k4 m. O w { R S 4 m‘. AR S "n M.ic.% .wma

[ %
AEpLAWG | DLXG 9~HIAM e gl

[ HY %S58/0 09 R w
3 - %/ 194
- Aepr il L% L~ IAM E /1

: HY %4870 8E M
181
i " { & i o } . @w

19 ‘UCISSHUSURL ]



US 9,163,883 B2

Sheet 7 of 41

Oct. 20, 2015

U.S. Patent

L "SDIA

2JNJoNJIS OUBN/OJOIN

T

dO1 410 MOT

00 O0OMrnaonnm
diyo sojesoden] (q p / (e
L+ 7 /
/, dyo [eay dud Auwing
aNISaypy — diyo |eay




U.S. Patent Oct. 20, 2015 Sheet 8 of 41 US 9,163,883 B2

— 1.E+05
o~
E ~
© o©
= 0"
x . 0 Upper bound for the CHF (water)
S| E403 - 2\ The reported highest CHF of
B C A evaporation (water)
x © . 0 The highest CHF of condensation (water)
2
© 1E+01
250 300 350

Saturation Temperature [K]

FIG. 8



US 9,163,883 B2

Sheet 9 of 41

Oct. 20, 2015

U.S. Patent

T
I E:QONLL___:_:_____

_r.l woe |.i_

ysow oueN
[9AQ] Su1j00d 1XaU Ay} O, Aﬂ_ \ f pmbr UQ:E@M /

6 DId
(qp1'Sy) amonys Jo0jerodeay
19suapu0d 10§ 19ddo7) 29 [PUUBYI0IDIW 10] )] _ /vl _
mimimiminy i |
wmny
oo o 1007 I U —
| /NN [ 1 1
wnooz \ e
|
|

7 oo 8 , N
syordoiy 2100 10dB A
Va vl
S S— = 0 Z
/ \
ysouw OuBN ased dD1 H % ﬁ %

221N0§ JedH



U.S. Patent Oct. 20, 2015 Sheet 10 of 41 US 9,163,883 B2

1x108
- dpore=400nm
(o
Q
O
=
O
] 1x107
S
[72]
c
©
= W
(1))
'E 1x108 dpore=40um
ko)
g X d ,e=109um
2T /L
S § )_O_O_Q_Q_o_o_o_o_o_o-o—o—o—o-O-O-O-C
w =,
1x1

05
290 300 310 320 330 340 350 360 370 380
Working Temperature [K]

FIG. 10



U.S. Patent Oct. 20, 2015 Sheet 11 of 41 US 9,163,883 B2

o d_ . =400nm

pore

[] dpore=1000nm

TGP Limitations [W/cm?]
x
Q

Capillary Limitation

100 r

10 '
250 270 290 310 330 350 370 390

Working Temperature [K]

FIG. 11



U.S. Patent

Capillary Pressure and Inestia Term

Oct. 20, 2015 Sheet 12 of 41

US 9,163,883 B2

1000

[KPy]

Capillary pressure from the d, =400 nm
/

{

hwriztermbom 25 ¢

# e S @

{Capiiary gswssuré framthe 4, <8 pm

18
250

10400

Capiilary Pressure and Pressure Drop
[KPa)

I — - . , ,
285G 270 20 340 330 380 370

1508 -

180 -

i
o2

2P 250 24a 254 358 378
Workdng Temperatire K]

FIG. 12-a

Pressure drop from 0, =10 pm

# o .
%

#O&@,&

,;)7 -
Capillary pressure from the dpores=4Ul) nm
A

Aoy

&
e

Pressure drap from B, =80 pm

A

Working Temperature I¥]

FIG. 12-b

386



US 9,163,883 B2

Sheet 13 of 41

Oct. 20, 2015

U.S. Patent

qQ-¢1 'DI4
[wo] yibus do 1
OF € 0 G2 0Z GL 0L G O

" 3

7 000§ U

wWwGlL 0= @
GL'0=""4 o 3
2

OLXGL

olxz B

3

L0lXgz 2

8

yOLXE 3

s

oG 2

Oy 5

.2

SIU/ARO0L="""5 "SIz WW/AT 002="1 WOPXEY 3

‘(wupor=""p] MzW/MM009Z="Y

)7

0€ 0c ol 0

e-¢1 "Dl
[wo] ybusT do1
00l

MW/MOS=
[wnooz=

IMO0L=""" MW/ 001="Y
[wnz=""p] M-W/MX 0091="Y

MW/ 0F="M

Noim.

M MW/ 01L="Y

=]

alod

Pl MzW/AMM 29="U YOS

e0LX1L

_pom

=]

yOLX1

y

\ sObXx}

[wuooPy=

MW/A00L=""Y _xwa\\%_ 002="y
P] MzW/MM0092="Y ‘wWwg 0=""|

alod

Mw/aA] AjAONpuOod [ewusy) 9AdSYT dO 1L



US 9,163,883 B2

Sheet 14 of 41

Oct. 20, 2015

U.S. Patent

lsotoiw jaddon dO7

vl DId

ainjonJisouoiw 1addon 8sed 4D

7 i /

N
B B B E

N
(Q7v) Buneos
olydoipAyiadng

Aiaue pinbi Hﬁ V

== = )~

al
=]
=
] e
—

g E

SpoJ oueN SPOJ OUBN

:_i_i SBYSaW OUBN
saysawl ouepN



US 9,163,883 B2

Sheet 15 of 41

Oct. 20, 2015

U.S. Patent

ponmwy gsaisonwnnl tadde

sared BRZ-BgT
ERAT~OReT 2iedeng YaRp SesmK
pEs 3msedxs A0 49 PIA0IEME VIR

sy proLE RN

WO

PRty sptaam ay 3adda D

it gt

pue Funssumy Sunme widy

J3430% 11 Jeuiiiodon Wepag




U.S. Patent Oct. 20, 2015 Sheet 16 of 41 US 9,163,883 B2

O T
S
o
A

FIG. 16



U.S. Patent

Oct. 20, 2015

Sheet 17 of 41

US 9,163,883 B2

e
R
SR

3 Vzﬁ_‘\;;v%», 58

o

R
R

%

2

o

D
R
v/‘zf\z%&/‘

FIG. 17-a

.«&:’a’;{%

Gonnnn R
oS
R

; 5 RV

‘;«'5

FiG. 17-b

F1G.

i7-¢



U.S. Patent Oct. 20, 2015 Sheet 18 of 41 US 9,163,883 B2

m TH

?;&

»

& 5

-

o

%ww\ﬁl
R Qi‘@\@
s R @

e ﬁﬁ%%}. B




US 9,163,883 B2

Sheet 19 of 41

Oct. 20, 2015

U.S. Patent

e-61 DI

Jojsisalojoyd Jo [eaoway

H,

sJawAjodoo

sl JO [eroway T 1

JawAjodod pug JO leaows.
pue Buiyols 1am Aq

wyy Joddon Jo jeacwey R T

VNI 0 [erowal

© ainsodxa AN desa L]

Buiesuue g

y

juswubije pjal |eo1O9|] L1

T | A

| ——

SoySaW-oueU 10} SI8wAj0dod

320|qIP pug 4O Bunjeoo uidg [ [ |

VIIWJ-9-Sd «~

uonjelodeaa unb-3 Aq
uonisodap wjl Jaddon

wyiy soddon

ssaooud
Bunejdososle Jeddon

| o

—T

o

SpoJ-oueU Jaddod peppaquia

VINING 1O [eAowal
2 alnsodxs AN deeQ

.

(plow Bunejdonosle) Sd

Buijeauue g
Juswubije piay (o083

coﬁmx.\_ 7
wnuwny

(VWINJ-9-Sd)
sJawAjodod ¥o0|qip

sb Jo Buneoo uidg

VNING-9-Sd

oXeq }jos
9 Hd bBuneoos-uids Aq
ss8004d uoneziueue|d

E

C 1),

I—

et

1]

[,

\

)

7

Jlojsisaioloyd



US 9,163,883 B2

Sheet 20 of 41

Oct. 20, 2015

U.S. Patent

g-61

Bunejdosjoalg

OIA

|leAOWa. Hd
® Bupeoo gv

rrer—

B

NN L

eje|dwsa) Buioed ¥
Buiysiod ‘Buljy Yd

=
—
]
—

e

Buneoo v
© Hd Buinoway

—

Bunejdosjosie B
Aydeiboyyjojoud



U.S. Patent Oct. 20, 2015 Sheet 21 of 41 US 9,163,883 B2

@ - Copper cubic (q) Nano meshes

e o oo S
. e e S
T

'?Q,fymer Substra“?* ’, Nano rods-""
Coppern oﬁ_rods o M%N'“,'_:,‘(';’ly Lo
— mer T
Substrate

‘:.‘m'sa:__‘x’

.Polymer subs g’f‘é“:’,

FI1G. 20-a

Nano mesh

A
4 N ___~ Hydrophitic coating
LR AR
X NN
¥ /ﬁ — — = \" Y
Hydrophobic coating ™. "
Y ? N \ N 7 200um
- A chéumcls
200un;
condenser

FIG. 20-b



U.S. Patent Oct. 20, 2015 Sheet 22 of 41 US 9,163,883 B2

Polymer Charging Tube

Evaporator  Thermal Vias

Copper mesh:

3pm pore size, 10 pm

FIG. 21



Sheet 23 of 41 US 9,163,883 B2

Oct. 20, 2015

U.S. Patent

Crysial

15 pm $O0 g Liguid ©
Copper Fotymer (LOF)

FIG, 22



US 9,163,883 B2

Sheet 24 of 41

Oct. 20, 2015

U.S. Patent

100-200 um diameter holes

\

FIG. 23



U.S. Patent Oct. 20, 2015 Sheet 25 of 41 US 9,163,883 B2

&

FI1G. 24



U.S. Patent Oct. 20, 2015 Sheet 26 of 41 US 9,163,883 B2

FIG. 25



U.S. Patent Oct. 20, 2015 Sheet 27 of 41 US 9,163,883 B2

FIG. 26



U.S. Patent Oct. 20, 2015 Sheet 28 of 41 US 9,163,883 B2




U.S. Patent Oct. 20, 2015 Sheet 29 of 41 US 9,163,883 B2

FiG. 28



U.S. Patent Oct. 20, 2015 Sheet 30 of 41 US 9,163,883 B2

FIG. 29



U.S. Patent Oct. 20, 2015 Sheet 31 of 41 US 9,163,883 B2




U.S. Patent Oct. 20, 2015 Sheet 32 of 41 US 9,163,883 B2

FIG. 31



U.S. Patent Oct. 20, 2015 Sheet 33 of 41 US 9,163,883 B2

MNano Columns




U.S. Patent Oct. 20, 2015 Sheet 34 of 41 US 9,163,883 B2

Hx/ur@@hob ic ALD Hydrophilic AL




U.S. Patent Oct. 20, 2015 Sheet 35 of 41 US 9,163,883 B2

FiG. 34



U.S. Patent Oct. 20, 2015 Sheet 36 of 41 US 9,163,883 B2

FI1G. 35



US 9,163,883 B2

Sheet 37 of 41

Oct. 20, 2015

U.S. Patent

FiG. 36



U.S. Patent Oct. 20, 2015 Sheet 38 of 41 US 9,163,883 B2

zjf

bt
FR-4 Boacer Aoeiat
we Folymer

FIG. 37



U.S. Patent Oct. 20, 2015 Sheet 39 of 41 US 9,163,883 B2

(]
o0

FIG.



U.S. Patent Oct. 20, 2015 Sheet 40 of 41 US 9,163,883 B2

qbss

/ £ Teta Tea
c 2 Te1 T
. / ¥ 7
%/rm Condenser Evaporator
—y AT i q. HAx

Water Ax i A4 ({T.-T)

FIG. 39



U.S. Patent Oct. 20, 2015 Sheet 41 of 41 US 9,163,883 B2

508

00

Theoretical Conduction
LAY

3 W Homnizontal
Mo Charpge i i
200 FA3

Time (sec)
F1G. 40

e )

100

{1

K 4 4 7 - ERERE H K ¥ d L 4 KR
Lo T s T o BN oo B S v T oo B o S s B o
PR D S T = S~ . S
v B3 P oW WY wF s on ™ e

(. W/AL ij;ﬁgjénpm;j ;E‘tﬂ.zétg i

1000 -



US 9,163,883 B2

1
FLEXIBLE THERMAL GROUND PLANE AND
MANUFACTURING THE SAME

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application is a non-provisional claiming priority ben-
efit of U.S. provisional patent application Ser. No. 61/158,
086, filed on Mar. 6, 2009 and entitled “Flexible Thermal
Ground Plane and Manufacturing the Same and Means to
Fabricate a Flexible Thermal Ground Plane,” the entire dis-
closure of which is herein incorporated by reference for all
purposes.

STATEMENT AS TO RIGHTS TO INVENTIONS
MADE UNDER FEDERALLY SPONSORED
RESEARCH AND DEVELOPMENT

This invention was made with government support under
Grant No. N66001-08-C-2006 awarded by DOD/DARPA
and Grant No. HR0011-06-1-0048 awarded by the DOD/
DARPA. The government has certain rights in the invention.

BACKGROUND

This application relates generally to thermal ground
planes. More specifically, this application relates to methods,
apparatuses, and systems for flexible thermal ground planes.

The complexity and size of integrated circuits may been
limited by the heat generated. Heat pipes have been used to
transfer heat efficiently from one location to another. They
have also been used to cool integrated circuits. The existing
heat pipes for these purposes may consist of a rigid structure
composed of copper, silicon, etc. Some modern electrical
devices and systems demand a flexible circuit board along
with a high capacity for heat dissipation.

There is thus a need for methods, systems, and devices that
may also be flexible while transferring heat efficiently from
one location to another or spread high flux heat from a small
area to low heat flux over a larger area.

BRIEF SUMMARY

Certain embodiments thus provide methods, systems, and
devices that may include a flexible thermal ground plane.
Embodiments of flexible thermal ground planes may provide
extremely high thermal performance with high evaporation/
condensation heat transfer and effective liquid supply. Flex-
ible configurations may be enabled by using polymer casing
laminated and covered by moisture barrier coatings, enabled
by atomic layer deposition, chemical vapor deposition, physi-
cal vapor deposition, or thin metal laminate, merely by way of
example. Embodiments of flexible thermal ground planes
may also involve low cost construction resulting from large
size manufacturing, e.g. 3 ft wide and 1000 ft long, merely by
way of example. For example, flexible thermal ground plane
construction may take advantage of flexible circuit board
manufacturing technology. Large size flexible thermal
ground planes may thus be constructed for some embodi-
ments, e.g. 20 cm by 40 cm by 1 mm, merely by way of
example.

Methods, apparatuses, and systems are disclosed for flex-
ible thermal ground planes. A flexible thermal ground plane
may include a support member. The flexible thermal ground
plane may include an evaporator region configured to couple
with the support member. The evaporator region may include
a micro-wicking structure. The evaporator region may
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include a nanowicking structure coupled with the micro-
wicking structure, where the nanowicking structure includes
nanorods. The evaporator region may include a micro-mesh
or nano-mesh coupled with the micro-wicking or nanowick-
ing structure.

Some embodiments may include a flexible thermal ground
plane. The flexible thermal ground plane may include a flex-
ible support member. The flexible support member may be
configured to enclose a working fluid. One or more evapora-
tors regions may couple with the flexible support member.
One or more condenser regions may couple with the flexible
support. The flexible thermal ground plane may include a
working fluid that is enclosed by the flexible support member.

In some embodiments of the flexible thermal ground plane,
the support member may include a polymer layer. The poly-
mer layer may include a liquid crystal polymer. In some
embodiments of the flexible thermal ground plane, the sup-
port member may include a thin metal layer. In some embodi-
ments, flexible thermal ground plane may include a moisture
barrier layer coupled with the polymer layer. The moisture
barrier layer may include an atomic layer deposition coating,
a chemical vapor deposition coating, a physical vapor depo-
sition coating or thin metal laminate coating.

In some embodiments, the evaporator and/or the condenser
region may include a microwicking structure. In some
embodiments, the evaporator and/or condenser region may
include a nanowicking structure. In some embodiments, the
evaporator and the condenser region may include a hybrid
micro/nano wicking structure. The nanowicking structure
may include nanorods.

In some embodiments, the flexible thermal ground plane
may include a mesh layer coupled with the evaporator region
and/or the condenser region. In some embodiments of the
flexible thermal ground plane, a mesh layer may be included
and the mesh layer separates a vapor chamber from a liquid
channel. In some embodiments, the mesh layer may include a
nanomesh layer.

Some embodiments may include a thermal ground plane
system. The thermal ground plane system may include a
support member. The thermal ground plane system may
include an evaporator region configured to couple with the
support member. The evaporator region may include a first
wicking structure. The thermal ground plane system may
include a condenser region configured to couple with the
support member. The condenser region may include a second
wicking structure.

In some embodiments, the thermal ground plane system
may also include a mesh structure coupled with the first
wicking structure and the second wicking structure.

In some embodiments of a thermal ground plane system, at
least one of the first wicking structure or the second wicking
structures includes a microwicking structure. In some
embodiments of a thermal ground plane system, at least one
of'the first wicking structure or the second wicking structures
includes a nanowicking structure. In some embodiments, the
thermal ground plane system may include a third wicking
structure, where the third structure couples with the first
wicking structure and the mesh structure. The third wicking
structure may include a microwicking structure or a nanow-
icking structure. The third wicking structure may include
nanorods and/or a nanomesh. In some embodiments, the ther-
mal ground plane system may include a moisture barrier
coating coupled with the support member. In some embodi-
ments, the support member may include a flexible polymer
member.

In some embodiments, the thermal ground plane system
may include high thermal conductivity thermal vias coupled
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with the support member. In some embodiments, the thermal
ground plane system may include a high thermal conductivity
member coupled with the support member, wherein at least
one of the first wicking structure or second wicking structure
is made on the high thermal conductivity member.

Some embodiments may include method of fabricating a
thermal ground plane. The method may include providing a
support member. The method may include coupling a plural-
ity of microwicking structures with a surface of the support
member.

In some embodiments, the method of fabricating a thermal
ground plane may include a support member that includes a
flexible member. The flexible member may include a polymer
layer. The polymer layer may include a liquid crystal poly-
mer. The flexible member may be a thin metal layer in some
embodiments.

In some embodiments, the method of fabricating a thermal
ground plane may include coupling a mesh structure to the
plurality of microwicking structures. In some embodiments,
the method of fabricating a thermal ground plane may include
coupling a nanowicking structure between the microwicking
structure and the mesh structure. In some embodiments, the
method of fabricating a thermal ground plane may include
coupling a mesh structure with the plurality of nanowicking
structures. In some embodiments, the method of fabricating a
thermal ground plane may further include coupling a microw-
icking structure between at least one of the microwicking
structures and the mesh structure.

In some embodiments, the method of fabricating a thermal
ground plane may further include coupling a plurality of
nanowicking structures with the surface of the support mem-
ber. In some embodiments, the method of fabricating a ther-
mal ground plane may include coupling a second microwick-
ing structure with at least one of the plurality of microwicking
structures. In some embodiments, the method of fabricating a
thermal ground plane may include coupling a nanowicking
structure with at least one of the plurality of microwicking
structures.

In some embodiments, the method of fabricating a thermal
ground plane may include applying a coating to the mesh
structure, where the coating creates at least one hydrophobic
region or one hydrophilic region. In some embodiments, the
method of fabricating a thermal ground plane may include
applying a coating to the mesh structure, wherein the coating
creates corrosion protection for the thermal ground plane. In
some embodiments, the method of fabricating a thermal
ground plane may include creating a moisture barrier coupled
with the support member. Creating a moisture barrier may
include forming a moisture barrier coating using at least one
of atomic layer deposition, chemical vapor deposition, physi-
cal vapor deposition, or thin metal lamination.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is described in conjunction with the
appended figures:

FIG. 1 provides a diagram of a thermal ground plane, in
accordance with various embodiments.

FIG. 2 provides a diagram of a thermal ground plane, in
accordance with various embodiments.

FIG. 3 provides a diagram showing various aspects of a
thermal ground plane, in accordance with various embodi-
ments.

FIG. 4 shows diagrams for operating a thermal ground
plane and a method of fabrication, in accordance with various
embodiments.
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FIG. 5 shows aspects of a thermal ground plane involving
an atomic layer deposition, in accordance with various
embodiments.

FIG. 6 provides data regarding aging effect on permeability
for some thermal ground planes involve atomic layer deposi-
tion, in accordance with various embodiments.

FIGS. 7-a and 7-b show different micro/nano-scaled
evaporator structures fabricated on liquid crystal polymers, in
accordance with various embodiments.

FIG. 8 provides some experimental data regarding critical
heat fluxes regarding evaporation or condensation, in accor-
dance with various embodiments.

FIG. 9 shows a one-dimensional heat transfer model of a
thermal ground plane, in accordance with various embodi-
ments.

FIG. 10 provides some results regarding saturation tem-
perature and evaporation heat trans coefficients, in accor-
dance with various embodiments.

FIG. 11 provides heat flux data regarding evaporators, in
accordance with various embodiments.

FIGS. 12-a and 12-5 provide data regarding working tem-
peratures and capillary pressures for some embodiments.

FIGS. 13-a and 13-4 provide information regarding ther-
mal conductivity as function of length for some embodi-
ments.

FIG. 14 shows some structural and property features of a
thermal ground plane, in accordance with various embodi-
ments.

FIG. 15 shows aspects of some thermal ground planes, in
accordance with various embodiments.

FIG. 16 shows defects that may be identified for some
thermal ground planes that include atomic layer deposition, in
accordance with various embodiments.

FI1GS.17-a,17-b, and 17-¢ show micro/nano-scaled evapo-
rator structures, in accordance with various embodiments.

FIG. 18 shows aspects of some fabrication of thermal
ground plane involving copper through hole vias, in accor-
dance with various embodiments.

FIGS. 19-a and 19-b show methods of fabrication of ther-
mal ground planes, in accordance with various embodiments.

FIGS. 20-a and 20-b show micro/nano wicking structures,
in accordance with various embodiments.

FIG. 21 shows a thermal ground plane with a micro-
meshed copper sheet, in accordance with various embodi-
ments.

FIG. 22 shows aspects of fabricating a thermal ground
plane, in accordance to various embodiments.

FIG. 23 shows aspects of fabricating a thermal ground
plane, in accordance to various embodiments.

FIG. 24 shows aspects of fabricating a thermal ground
plane, in accordance to various embodiments.

FIG. 25 shows a cross section of micro-vias of a thermal
ground plane, in accordance to various embodiments.

FIG. 26 shows additional aspects of fabricating a thermal
ground plane, in accordance to various embodiments.

FIG. 27 shows a cross section of copper filled micro-vias of
a thermal ground plane, in accordance with various embodi-
ments.

FIG. 28 shows additional aspects of fabricating a thermal
ground plane, in accordance to various embodiments.

FIG. 29 shows additional aspects of fabricating a thermal
ground plane, in accordance to various embodiments.

FIG. 30 shows additional aspects of fabricating a thermal
ground plane, in accordance to various embodiments.

FIG. 31 provides an image of a micro-cube evaporator
structure, in accordance with various embodiments.
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FIG. 32 shows additional aspects of fabricating a thermal
ground plane, in accordance to various embodiments.

FIG. 33 shows additional aspects of fabricating a thermal
ground plane, in accordance to various embodiments.

FIG. 34 shows additional aspects of fabricating a thermal
ground plane, in accordance to various embodiments.

FIG. 35 shows a micro-mesh wicking structure, in accor-
dance with various embodiments.

FIG. 36 shows a cross section of mesh bonded to micro-
channels and filled thermal vias, in accordance with various
embodiments.

FIG. 37 shows additional aspects of fabricating a thermal
ground plane, in accordance to various embodiments.

FIG. 38 shows a thermal ground plane vehicle, in accor-
dance with various embodiments.

FIG. 39 shows a thermal ground plane, in accordance with
various embodiments.

FIG. 40 provides some results regarding effective thermal
conductivity for a thermal plane device, according to various
embodiments.

In the appended figures, similar components and/or fea-
tures may have the same numerical reference label. Further,
various components of the same type may be distinguished by
following the reference label by a letter that distinguishes
among the similar components and/or features. If only the
first numerical reference label is used in the specification, the
description is applicable to any one of the similar components
and/or features having the same first numerical reference
label irrespective of the letter suffix.

DETAILED DESCRIPTION

The ensuing description provides exemplary embodiments
only, and is not intended to limit the scope, applicability or
configuration of the disclosure. Rather, the ensuing descrip-
tion of the exemplary embodiments will provide those skilled
in the art with an enabling description for implementing one
or more exemplary embodiments. It being understood that
various changes may be made in the function and arrange-
ment of elements without departing from the spirit and scope
of the invention as set forth in the appended claims.

Specific details are given in the following description to
provide a thorough understanding of the embodiments. How-
ever, it will be understood by one of ordinary skill in the art
that the embodiments may be practiced without these specific
details. For example, circuits, systems, networks, processes,
and other elements in the invention may be shown as compo-
nents in block diagram form in order not to obscure the
embodiments in unnecessary detail. In other instances, well-
known circuits, processes, algorithms, structures, and tech-
niques may be shown without unnecessary detail in order to
avoid obscuring the embodiments.

Also, it is noted that individual embodiments may be
described as a process which is depicted as a flowchart, a flow
diagram, a data flow diagram, a structure diagram, or a block
diagram. Although a flowchart may describe the operations as
a sequential process, many of the operations can be per-
formed in parallel or concurrently. In addition, the order of the
operations may be re-arranged. A process may be terminated
when its operations are completed, but could have additional
steps not discussed or included in a figure. Furthermore, not
all operations in any particularly described process may occur
in all embodiments. A process may correspond to a method, a
function, a procedure, a subroutine, a subprogram, etc. When
a process corresponds to a function, its termination corre-
sponds to a return of the function to the calling function or the
main function.
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Certain embodiments thus provide methods, systems, and
devices that may include a flexible thermal ground plane.
Embodiments of flexible thermal ground planes may provide
extremely high thermal performance with high evaporation/
condensation heat transfer and effective liquid supply. Flex-
ible configurations may be enabled by using polymer casing
laminated and covered by moisture barrier coatings, enabled
by atomic layer deposition, chemical vapor deposition, physi-
cal vapor deposition, or thin metal laminate, merely by way of
example. Embodiments of flexible thermal ground planes
may also involve low cost construction resulting from large
size manufacturing, e.g. 3 ft wide and 1000 ft long, merely by
way of example. For example, flexible thermal ground plane
construction may take advantage of flexible circuit board
manufacturing technology. Large size flexible thermal
ground planes may thus be constructed for some embodi-
ments, e.g. 20 cm by 40 cm by 1 mm, merely by way of
example.

Methods, apparatuses, and systems are disclosed for flex-
ible thermal ground planes. A flexible thermal ground plane
may include a support member. The flexible thermal ground
plane may include an evaporator region configured to couple
with the support member. The evaporator region may include
a micro-wicking structure. The evaporator region may
include a nanowicking structure coupled with the micro-
wicking structure, where the nanowicking structure includes
nanorods. The evaporator region may include a micro-mesh
ornanomesh coupled with the micro-wicking or nanowicking
structure.

Some embodiments may include a flexible thermal ground
plane. The flexible thermal ground plane may include a flex-
ible support member. The flexible support member may be
configured to enclose a working fluid. One or more evapora-
tors regions may couple with the flexible support member.
One or more condenser regions may couple with the flexible
support. The flexible thermal ground plane may include a
working fluid that is enclosed by the flexible support member.

In some embodiments of the flexible thermal ground plane,
the support member may include a polymer layer. The poly-
mer layer may include a liquid crystal polymer. In some
embodiments of the flexible thermal ground plane, the sup-
port member may include a thin metal layer. In some embodi-
ments, flexible thermal ground plane may include a moisture
barrier layer coupled with the polymer layer. The moisture
barrier layer may include an atomic layer deposition coating,
a chemical vapor deposition coating, a physical vapor depo-
sition coating or thin metal laminate coating.

In some embodiments, the evaporator and/or the condenser
region may include a microwicking structure. In some
embodiments, the evaporator and/or condenser region may
include a nanowicking structure. In some embodiments, the
evaporator and the condenser region may include a hybrid
micro/nano wicking structure. The nanowicking structure
may include nanorods.

In some embodiments, the flexible thermal ground plane
may include a mesh layer coupled with the evaporator region
and/or the condenser region. In some embodiments of the
flexible thermal ground plane, a mesh layer may be included
and the mesh layer separates a vapor chamber from a liquid
channel. In some embodiments, the mesh layer may include a
nanomesh layer.

Some embodiments may include a thermal ground plane
system. The thermal ground plane system may include a
support member. The thermal ground plane system may
include an evaporator region configured to couple with the
support member. The evaporator region may include a first
wicking structure. The thermal ground plane system may
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include a condenser region configured to couple with the
support member. The condenser region may include a second
wicking structure.

In some embodiments, the thermal ground plane system
may also include a mesh structure coupled with the first
wicking structure and the second wicking structure.

In some embodiments of a thermal ground plane system, at
least one of the first wicking structure or the second wicking
structures includes a microwicking structure. In some
embodiments of a thermal ground plane system, at least one
of'the first wicking structure or the second wicking structures
includes a nanowicking structure. In some embodiments, the
thermal ground plane system may include a third wicking
structure, where the third structure couples with the first
wicking structure and the mesh structure. The third wicking
structure may include a microwicking structure or a nanow-
icking structure. The third wicking structure may include
nanorods and/or a nanomesh. In some embodiments, the ther-
mal ground plane system may include a moisture barrier
coating coupled with the support member. In some embodi-
ments, the support member may include a flexible polymer
member.

In some embodiments, the thermal ground plane system
may include high thermal conductivity thermal vias coupled
with the support member. In some embodiments, the thermal
ground plane system may include a high thermal conductivity
member coupled with the support member, wherein at least
one of the first wicking structure or second wicking structure
is made on the high thermal conductivity member.

Some embodiments may include method of fabricating a
thermal ground plane. The method may include providing a
support member. The method may include coupling a plural-
ity of microwicking structures with a surface of the support
member.

In some embodiments, the method of fabricating a thermal
ground plane may include a support member that includes a
flexible member. The flexible member may include a polymer
layer. The polymer layer may include a liquid crystal poly-
mer. The flexible member may be a thin metal layer in some
embodiments.

In some embodiments, the method of fabricating a thermal
ground plane may include coupling a mesh structure to the
plurality of microwicking structures. In some embodiments,
the method of fabricating a thermal ground plane may include
coupling a nanowicking structure between the microwicking
structure and the mesh structure. In some embodiments, the
method of fabricating a thermal ground plane may include
coupling a mesh structure with the plurality of nanowicking
structures. In some embodiments, the method of fabricating a
thermal ground plane may further include coupling a microw-
icking structure between at least one of the microwicking
structures and the mesh structure.

In some embodiments, the method of fabricating a thermal
ground plane may further include coupling a plurality of
nanowicking structures with the surface of the support mem-
ber. In some embodiments, the method of fabricating a ther-
mal ground plane may include coupling a second microwick-
ing structure with at least one of the plurality of microwicking
structures. In some embodiments, the method of fabricating a
thermal ground plane may include coupling a nanowicking
structure with at least one of the plurality of microwicking
structures.

In some embodiments, the method of fabricating a thermal
ground plane may include applying a coating to the mesh
structure, where the coating creates at least one hydrophobic
region or one hydrophilic region. In some embodiments, the
method of fabricating a thermal ground plane may include
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applying a coating to the mesh structure, wherein the coating
creates corrosion protection for the thermal ground plane. In
some embodiments, the method of fabricating a thermal
ground plane may include creating a moisture barrier coupled
with the support member. Creating a moisture barrier may
include forming a moisture barrier coating using at least one
of atomic layer deposition, chemical vapor deposition, physi-
cal vapor deposition, or thin metal lamination.

FIG. 1 provides an example of a system or device 100
involving a flexible thermal ground plane configuration in
accordance with various embodiments. System 100 includes
one or more substrate or support members 110-7,100-j. In
some embodiments, substrate member may be flexible. A
flexible substrate may be made out of numerous different
materials including, but not limited to thin metal layer, liquid
crystal polymers, Kapton, or other polymers materials.

System 100 also shows one or more evaporator regions
120-i, 120~ and/or one or more condenser regions 130-i,
130-j coupled with the support member. Evaporator regions
120 and condenser regions 130 may be also be referred to as
evaporator components or condenser components respec-
tively. Evaporator and condenser components 120, 130
respectively may include metal or thermally conductive
materials. They may comprise micro-structures and/or nano-
structures. Merely by way of example, evaporator region
shows a micro structure coupled with a nanostructure. The
nanostructure may include nanorods or nanomeshes.
Coupled with the evaporator components and/or condenser
components may also be mesh structure 140-i, 140-;. Mesh
structure 140 may be a micro-mesh structure in some embodi-
ments. Mesh structure 140 may be a nanomesh structure in
some embodiments. Further, the evaporator and condenser
regions are located at a distance from each other, where mesh
layer is spaced apart from the first and second substrate mem-
bers as shown in FIG. 1.

System 100 shows that mesh structure 140 may separate a
vapor core 150 from a liquid channel 160. Mesh structure 140
may be a micro-mesh structure in some embodiments. Mesh
structure 140 may be a nanomesh structure in some embodi-
ments. A liquid, such as distilled water merely by way of
example, may flow through the liquid channel 160, which
may be part of a micro-structure layer of the system for some
embodiments. At evaporator region 120, the liquid may be
heated up as it pass through or around micro and/or nano-
structures of evaporator region 120. The liquid may then pass
through mesh structure 140 and become a vapor. Within the
vapor core 150, the vapor may then condense back to a liquid
atcondenser region 130, passing back through mesh structure
140 and through and/or around micro and/or nanostructures
of the condenser region 130.

System 100 also shows moisture barrier 170 coupled with
substrate member 110. Moisture barrier 170 may be a mois-
ture barrier coating that may be formed in a variety of differ-
ent ways including, but not limited to, atomic layer deposi-
tion, chemical vapor deposition, physical vapor deposition, or
thin metal lamination. Moisture barrier 170 may be used in
some embodiments to retain liquid and/or vapor within sys-
tem 100. For example, substrate member 110 may be porous
enough to allow for liquid to pass through it. With moisture
barrier 170, liquid can be kept within the system. In some
embodiments, thermal vias (not shown) made of materials
with a thermal conductivity much higher than that of the
substrate material may be included in substrate member 110.
Thermal vias may aid in transferring heat from a source (not
shown) to a flexible thermal ground plane system or device
such as system 100. Some embodiments may include one or
more connection layers 190.
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FIG. 2 provides a system 200 involving a flexible thermal
ground plane, which may include a flexible thermal ground
plane system such as system 100. System 200 shows numer-
ous evaporator 120 and condenser regions 130 coupled with
substrate 110. Evaporator regions and condenser regions may 5
be placed in numerous different locations on a support mem-
ber. The placement of the evaporator and/or condenser
regions may depend on the specific needs and/or configura-
tions of other components that system 200 may couple with,

for example. 10

Embodiments shown in FIG. 3 include methods for micro/
nanofabrication to develop a flexible thermal ground plane
(FTGP), which may serve as a stand-alone component or may
be embedded in a flexible or rigid substrate for effective

thermal management for some embodiments. FIG. 3 shows 15

FTGP with micro/nano-scaled wicking structure made of
copper or other solid materials for distilled water or other
liquid. The flexible thermal ground plane may made hermetic
through the use of liquid crystal polymer (LCP) with low

moisture permeability, encapsulated by a nano-scaled alu- 20

mina coating through atomic layer deposition (ALD). Some

10

In some embodiments, an FTGP may be fabricated using
LCP flexible circuit technologies; it may be extremely
thin (<1 mm) and low weight, while covering a large areca. The
operation of the FTGP may be simple and robust with a long
lifetime.

FTGPs may be fabricated using LCP+ALD hermetic seal-
ing, copper micro/nano wick structures with nanomesh and
nanorods fabricated on microcubes on LCP or polyimide
flexible circuits. Merely by way of example, an integrated 3
cmx3 cmx3 mm FTGP sample may be constructed and may
demonstrate >500 W/mK performance. Refinements to the
design and fabrication of FTGP’s components may be carried
out to improve performance (>30,000 W/rmK) and reliability.
Merely by way of example, 20 cmx40 cmx0.9 mm FTGP
samples may be produced. Other dimensioned FTGPs may
also be produced to fit the requirements of different applica-
tions

Merely by way of example, the following Table 1 provides
some of the innovations that may be seen with different
embodiments of FTGP:

TABLE 1

Innovative Claims

LCP has low water vapor permeability, which may be reduced by the
addition of ALD alumina coating to reach 1.7 x 1075 g/m? day
(50,000X

improvement over typical polymer).

Nanopores (400 nm) and ALD superhydrophilic coating may increase
the capillary pumping pressure by 800X and may overcome flow
resistance under a 25 g condition.

Use of Cu with K = 400 W/mK for micro/nano wicking structure may
assure wick thermal conductivity higher than 100 W/mK.

Nanopores (400 nm) and ALD superhydrophilic coating may increase
evaporation heat transfer by 100X (2500 kW/m?K), while nanopores
(400 nm) and ALD superhydrophobic coating may enhance
condensation by 30X for the target 600 kW/m?K. Critical heat flux may
reach >1,000 W/cm?.

LCP flexible circuit technology may be ideal to fabricate an extremely
thin FTGP to be laminated with MCM-L.

Micro/nano wick structures, compatible with the flexible circuit and
adhesive spacer technology developed for a prior DARPA MEMS
effort, may assure successful operation over a large area.

The flexible circuit-based thin FTGP may be low weight.

The 500 pm vapor core may be 20X larger than the 151 pm limit for
vapor continuum operation; duration will be >1000 hrs.

Metrics Goals SOA
Hermeticity 0.1% fluid 0%
loss/year
@ 100° C.
Wicking* 25 g force at 3g
80° C.*
Wick Thermal 100 W/m - K 23
Conductivity
TOP Thermal 30,000 W/mK 200
Conductivity*  for
10 cm x 20 cm
TGP*
TGP 0.9 mm 2
Thickness
Area* 20 cm x 40 cm* 15 x 30
Weight 50 gm 270
Duration 1000 hours Infinite
45

embodiments may thus include a flexible substrate or support
member. The flexible substrate or support member may
include a polymer material such as LCP or polyimide, merely
by way of example. Embodiments may also include a mois-
ture barrier, which may be a coating. Moisture barriers may
include, but are not limited to ALD, chemical vapor deposi-
tion, physical vapor deposition, or thin metal laminate. The
micro/nano wick structures may incorporate an ALD hydro-
philic coating for the evaporator and an ALD hydrophobic
coating for the condenser to assure effective operation under
high heat flux conditions. The micro/nano wick structures
may incorporate an ALD coating for liquid-corrosion protec-
tion on evaporator or condenser.

In some embodiments, micro/nano wicks may be realized
as copper nanorods and nanomeshes electroplated or etched

on the LCP’s copper microcubes and channels through the 60

use of nanofabrication templates, such as block copolymer
templates, porous anodized alumina templates or colloidal
particle polymer template, merely by way of example. The
copper-based wicks may have very high thermal conductiv-

ity. With extremely efficient evaporators and condensers for 65

water, the FTGP’s thermal conductivity may be at least 100x
higher than that of current common copper-alloy substrates

50

55

Some embodiments of a FTGP may be superior to state-
of-the-art (“SOA”) flat heat pipes with the performance listed
above. In addition, the FTGP may have excellent manufac-
turability and flexibility. In some embodiments, in one spool,
merely by way of example, one may print circuits 3 feet wide
and 1000 ft long with the lowest manufacturing cost possible.
Embodiments may utilize flexible circuit manufacturing
techniques and equipment. Flexible modules including elec-
tronics, optoelectronics, RF and sensors/actuators may be
designed, customized, and/or tailored to accommodate dif-
ferent size and geometric requirements. Embodiments may
include flexible modules with mixed devices. These modules’
thermal performance may be increased by 1000x with a
FTGP, merely by way of example.

In some embodiments, FTGPs may be enabled by the
following technologies, though other methods, techniques,
and technologies may also be used within the spirit of the
invention: maskless fabrication of the micro/nano wicking
structure, atomic layer deposition (“ALD”) for hydrophilic,
hydrophobic, hermetic and corrosion-protective coatings.
These technologies may be described as follows.

In some embodiments, maskless fabrication of the hybrid
micro/nano-scaled wicking structure for distilled water or



US 9,163,883 B2

11

other liquid, merely by way of example, may enable the
FTGP to reach: a) ultrahigh heat transfer coefficients in both
evaporation and condensation, b) low flow resistance, and/or
¢) high capillary pressure to sustain operation in a high-g
acceleration environment. FIG. 4, for example, shows
embodiments of an FTGP operation principle and a fabrica-
tion concept of the nanorods/nanomeshes. Maskless, low-
cost and scaleable nano-fabrication using block copolymer as
plating/etching templates may be compatible with current
flexible circuit manufacturing, the resolution of which is typi-
cally limited to 25 um lines/spacings.

FIG. 4 shows embodiments of a FTGP, where on the left,
the liquid may be supplied by the capillary force difference
between the evaporator and the condenser in some embodi-
ments. Distilled water or other liquid may flow through the
micro-scaled features to the nano-scaled surface for effective
evaporation. The vapor may condense on the hydrophobic
surfaces and the droplets may be absorbed by the hydrophilic
wick. Condensate may be pumped back to the evaporator by
the capillary pressure, completing the liquid-vapor-liquid
cycle and starting the next one.

Referring again to FIG. 4, embodiments of a micro/nano
wicking structure may be shown on the right. Nanomeshes
may form a membrane that separates the vapor core from the
liquid. Nanomeshes and nanorods may be etched or plated
using nanofabrication templates, such as block copolymer
templates, porous alumina templates or colloidal particle
templates, for maskless nano-fabrication.

In some embodiments, atomic layer deposition (“ALD”)
may provide for hydrophilic and hydrophobic coatings on the
micro/nano-scaled wicking structures, due to the extremely
low intrinsic thermal resistance of the nanoscale-thick coat-
ings which can be (created/produced). To obtain a hydro-
philic coating with small contact angle in water, some
embodiments may apply ALD SiO, and TiO, coatings merely
by way of example on the wicking structures of the evapora-
tor. For a hydrophobic coating on the condenser, ALD alky-
laminosilanes polymer may be formed with covalent bonding
to the hydroxyl groups on an ALD alumina layer, as shown in
FIG. 5, attached to the nanorods/nanomeshes. The contact
angle with water on a planar surface may be about 108° in
some embodiments, and may reach 160° or larger for ALD
superhydrophobic nanostructures. Moreover, ALD alumina
coating may provide a water vapor barrier for some embodi-
ments as shown in FIG. 6. Merely by way of example, a water
vapor permeability may be 1.7x10™> gm/m>-day in some
embodiments, which is about 50,000x lower than the 1
gm/m>-day for a typical polymer. The aging effect on the
permeability as shown in FIG. 6 may be overcome by apply-
ing additional ALD SiO, or fluoropolymer on top of ALD
alumina. Moreover, ALD coating may provide a corrosion
protective coating that prevents liquid corrosion on the wick-
ing structures.

In some embodiments, other thin film deposition tech-
niques may be used besides and/or in addition to ALD.
Merely by way of example, chemical vapor deposition
(“CVD”) techniques may be used in some embodiments.
CVD techniques may include, but are not limited to, the
following: atmospheric CVD, low-pressure CVD, ultrahigh
vacuum CVD, aerosol assisted CVD, direct liquid injection
CVD, microwave plasma-assisted CVD, plasma-enhanced
CVD, remote plasma-enhanced CVD, atomic layer CVD, hot
wire CVD, metalorganic CVD, hybrid physical-chemical
CVD, rapid thermal CVD, and/or vapor phase epitaxy.
Merely by way of example, physical vapor deposition
(“PVD”) techniques may be in used in some embodiments.
PVD techniques may include, but are not limited to, the
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following: evaporative deposition, electron beam PVD, sput-
ter deposition, cathodic arc deposition, pulsed laser deposi-
tion, ion assisted deposition, and/or ion plating. Other thin
film deposition techniques that may be used in some embodi-
ments also include electroplating, electrodeposition, thermal
oxidation, sputtering, reactive sputtering, evaporation, cast-
ing, molecular beam epitaxy, vapor-phase epitaxy, liquid-
phase epitaxy, solid-phase epitaxy, homoepitaxy, heteroepit-
axy, and/or heterotopotaxy. In some embodiments, a
lamination of a metal layer be utilized.

Embodiments may involve a polymer including liquid
crystal polymer (LCP). Liquid crystal polymer may have low
moisture permeability, which may provide for hermetic seal-
ing for extremely low fluid loss in some embodiments. LCP
may be used as an FTGP casing material in some embodi-
ments. Polyimide material commonly used for fabricating
flexible circuit boards can be good alternative to LCP.

Merely by way of example, FIG. 7-a shows an approach
with the micro/nano-scaled evaporator structure fabricated on
LCP, which includes a chip-on-chip configuration for ther-
mally matched chip attached to LCP. The evaporator may be
thermally connected to a dummy intermediate chip through
thermal vias and copper pads. The effective coefficients of
thermal expansion (CTE) of the dummy chip may be collec-
tively influenced by the LCP and the chip attachment mate-
rial. For high heat flux applications, embodiments may apply
the configuration shown in FIG. 7-b, in which the evaporator
structure is fabricated on the real chip and may provide addi-
tional thermal performance.

FTGPs may be utilized with many different systems.
Merely by way of example, FTGPs may be utilized with (a)
laser modules representing high heat flux applications, (b)
transmitter/receiver (1/R) modules representing high power
applications, (c) power control boards representing folded
flexible-circuits applications, and/or (d) concentrated solar
power plants. FTGPs may be utilized with many other sys-
tems where thermal management is a concern as one skilled in
the art will recognize

Merely by way of example, with the miniaturization of
electronic systems and increasing heat loads, thermal man-
agement may be one of the most critical sub-systems of
military systems. Embodiments of FTGP may provide
improved performance for these systems and other over other
current and future solutions. FTGP may be applicable with
many different types of components. For example, electronic
components may include new families of chips 1000 with
heat flux levels ranging from 50 W/cm?® to 150 W/cm?, and
laser diodes ranging from 150 W/cm? to ~1000 W/cm?. More
specifically, these electronic components may be for high
density micro/nano spacecraft electronics, high power elec-
tronics, and laser diode arrays for both DoD and NASA Earth
observing or science missions. Heat pipes may have been
applied to these components already. While improvements on
heat pipes and incorporation of active liquid cooling systems
are being investigated, FTGP may out perform all these cur-
rent and future solutions. FTGP may also be applicable for
other forms of technologies, include battery and other energy
storage technologies in general.

Merely by way of example, the following table may pro-
vide comparison of FTCGP and state-of-the-art vapor cham-
bers (also called flat heat pipes) reported by some vendors.
The wicking structures of state-of-the-art vapor chambers
may be made from sintered copper or other metals, merely by
way of example. With the development of micro/nano hybrid
wicking structure. FRGP’s thermal conductivity may be at
least 10x higher than those achieved in rigid vapor chambers
today, with an order-of-magnitude weight reduction as well.
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The FTGP’s heat flux may also reach as high as 1,000 W/cm?>
with a very dramatic thickness reduction, which would be an
enabling technology for future military electronic devices
and systems.

TABLE 2
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tations and some state-of-the-art experimental data of the
critical heat flux that evaporation or condensation could
achieve. The critical heat flux may be the maximum heat flux
which the evaporator can sustain before burn out. The physi-

Comparison between FTGP and some other heat pipes/vapor chambers

Specification
Thermal Maximum  Thermal
Materials for Size Conductivity —Heat Flux Resistance
Company Product Wickinl (LxW x Hnm?) (WmK) (W/em?) (K/'W)
Novel IsoSkin Heat Sintered 102x 162 x 1.5 10,000 N/A N/A
Concept, Inc.  Spreader metals (difficult to
confirm)
Furkum Ltd. Advanced N/A 72.4%50.8%x5 N/A <100 N/A
Vapor
Chamber
Thennacore, Thenna-Baser  Sintered 104x 7.6 x5 N/A SO 0.511
Inc. Heat Sink Copper
Chaun-Orouto  Cold Plate Sintered 50x50x5 N/A N/A 0.2-0.05
Corp. (Vapor Copper
Chamber)
Furukawa Vapor Sintered N/A N/A 80 <0.05
Electric, Ltd. Chamber Copper
FTGP Flexible Micro/ 200 x 400 x 0.9 30,000 ~1000  0.05-0.005
Thermal nanocopper

Ground Plate

In addition, merely by way o fexample. the following table
compares FTGP with some recent research on micro-scale
flat heat pipes (vapor chambers). FTGP may outperform all
these research systems as shown in Table 3.

30

cal limitations may be estimated based on the kinetic theory;
they are about 1000x higher than the ones reported, even with
microstructures. There is large potential for improvement
resulting from nanotechnology.

TABLE 3
Comparison between FTGP and some Research Micro Flat Heat Pipes (Vapor
Chambers)
Hermeticity ~Wicking Wick Heat Pipe
(% fluid (g, Thermal Thermal
loss/yr @ inertial Conductivity Conductivity Thickness Area Weight Duration
Ref 100°C.) force) (W/mK) (W/mK) (mm) (cm x cm) (gm) (hours)
1 N/A lg Groove 600 0.7 2x2 N/A N/A
2 N/A lg Silver 12,000 4 10.8 x 2.65 N/A N/A
particle and
mesh
3 N/A lg Groove 133 2 8x3 N/A N/A
4 N/A lg Groove 625 1.25 24x%x1.6 N/A N/A
5 N/A lg Copper mesh 157 6.35 12x 1.27 N/A N/A
6 N/A lg Sintered 1050 1 6x2 N/A N/A
column
FTGP 0.1 25g 100 30,000 1 20 x 40 50 1,000

FTGP may incorporate novel features: a hybrid micro/
nano wicking structure as well as macro/micro/nano fabrica-
tion and assembly compatible with flexible circuit manufac-
turing technologies. The fabrication and assembly may
include maskless fabrication of the hybrid micro/nano-scaled
wicking structures using various nanofabrication templates,
atomic layer deposition for hydrophilic, hydrophobic, her-
metic and corrosion-protective coatings. These techniques
and features are to be discussed next, followed by embodi-
ments of different processing and assembly steps.

Embodiments may provide an FTGP with a hybrid micro/
nano wicking structure. Nanotechnology may enable the fab-
rication of billions or trillions of nanorods or nanomeshes to
increase surface area tremendously and create an opportunity
to improve the heat transfer performance of a thermal ground
plane substantially. FIG. 8 may illustrate some physical limi-
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However, the performance of a thermal ground plane may
not be governed by evaporation or condensation processes
only. In some embodiments, the system’s performance may
actually be affected by many trade-off considerations. FIG. 9
shows a one-dimensional heat transfer model, merely by way
of example, which includes the following two performance
measures:

FTGP Thermal Conductivity=function of (size of
nanomesh’s opening, size of nanorods, size of microchan-
nels, size of micro cubes, contact angles of hydrophilic and
hydrophobic coatings, FTGP length and width, wick’s ther-
mal conductivity and thickness, and vapor core thickness)

FTGP Maximum Allowable Inertial Force for Effective
Wicking=function of (size of nanomeshes opening, size of
microchannels, size of micro cubes, contact angles of hydro-
philic coating)



US 9,163,883 B2

15

The condensed liquid may return to the evaporator through
the microchannels. The evaporator, condenser, and micro-
channels may be covered by nanomeshes that separate the
vapor flow from the liquid flow.

FIG. 10 presents some results for some embodiments,
merely by way of example. FIG. 10 may indicate that
nanomeshes with pore diameters of 400 nm would result in
excellent evaporation for heat transfer coefficients ranging
from 2,000 to 10,000 kW/m?K, which is about 10-100x
higher than the state-of-the-art level. As shown in the figure,
the smaller the pore size, the higher the evaporation heat
transfer coefficients may be. However, there may be a limi-
tation; boiling becomes unstable when the pore size
approaches that of the vapor nucleation sites (~100 nm). In
some embodiments, a 400 nm size may be used to assure
excellent and stable evaporation.

FIG. 11 may present the critical heat flux affected by three
limiting factors of an evaporator: capillary pressure, boiling,
and entrainment for some embodiments. In a nanostructure
with d,,,,, =400 nm, for example, the critical heat flux may be
enhanced significantly, reaching the level of 1000 W/cm?. For
some embodiments, this level may be limited by the capillary
pumping pressure resulting from the nanostructure. For some
embodiments, it may be further enhanced by reducing d,,,,,..,
the boiling limit may drop quickly when the size reaches that
of nucleation sites.

For some embodiments, an evaporator’s size may be gov-
erned by the chip size. Condenser area may be made to
accommodate the FTGP’s performance needs. The condens-
er’s performance may affect total system performance; it may
be adjusted as necessary. In some embodiments, dropwise
condensation in the condenser may be emphasized, which
may result in a heat transfer coefficient 30 times larger than
film-wise condensation by using surface-coated hybrid
micro/nanostructures.

FIG. 11 shows how critical heat flux of evaporators for
some embodiments may be affected by three limiting factors:
boiling, entrainment and capillary pressure. All the limits
may be increased as the pore size decreases. Boiling may be
limited by the bubble size associated with the pore size. In
some embodiments, it may be stable since 400 nm is consid-
erably larger than the size of nucleation sites. Entrainment
may limited in some embodiments by the shear stress
between the vapor flow and liquid flow as the operation heat
flux increases. Capillary pressure may be limited in some
embodiments by the pumping ability of the micro/nano
hybrid wick to circulate the working fluids. Capillary pres-
sure may determine the critical heat flux for some embodi-
ments of an FTGP.

In a heat pipe for some embodiments, the liquid may be
supplied by the capillary force difference between the evapo-
rator and condenser. In order to obtain sufficient capillary
pressure to assure a steady liquid supply under high-g accel-
eration for some embodiments, a nanoscale wick structure
may be used. FIG. 12-a may demonstrate that the wick struc-
tures should be smaller than 8 um to generate enough capil-
lary pressure for the wick structure to remain operational
under 25-g acceleration for some embodiments. The chosen
400 nm feature size may assure FTGP to pass an acceleration
test, though other sizes may be utilized for other embodi-
ments.

For some embodiments, the smaller the feature size, the
better the performance may be. FIG. 12 show that microtech-
nology may be important for some embodiments along with
nanotechnology. The flow resistance in terms of pressure drop
may increase significantly when the copper cube’s size is
decreased from 50 to 10 um. These copper cubes may be used
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in the evaporator to form channels supplying liquid to
nanomeshes through their pores for some embodiments (see
FIGS. 8 and 9, for example). The 50 pm cubes may be
selected for FTGP embodiments because the associated pres-
sure drop may be less than the capillary pressure induced by
nanomeshes. These figures also illustrate a hybrid micro/nano
wicking structure for some embodiments. A nano structure
may be desirable for evaporation and condensation heat trans-
fer for some embodiments. However, a micro structure may
minimize the flow resistance for some embodiments.

FIG. 12-a shows for some FTGP embodiments to remain
operational at 25 g acceleration, the capillary force may be
generated by pores with a diameter less than 8 um. It also
shows that the pore size of 400 nm selected for nano-evapo-
ration may generate enough force to overcome the 25 g accel-
eration. FIG. 12-b provides illustration of the magnitudes of
capillary pressure generated by 400 nm pore and pressure
drop (flow resistance) for some embodiments resulting from
micro structures. The flow resistance may be inversely pro-
portional to the size of the copper cubes, Ap~1/D_,, > For
some embodiments, changing from 50 to 10 um cubes, the
resistance may increase by 10x. It also shows that the capil-
lary pressure generated by 400 nm pores may overcome the
flow resistance in micro pores with diameter much larger than
10 um for some embodiments. These figures may show that
hybrid micro/nano-scaled wicking structure may be used for
some embodiments.

For some embodiments, FIGS. 13-a and 13-6 may show
FTGP thermal conductivity as a function of’its length. Merely
by way of example, thermal conductivity may reach 40,000
W/mK with a 40 cm length and 0.6 mm vapor core thickness
for some embodiments. Merely by way of example, some
embodiments may have a thermal conductivity of 30,000
W/mK with h,=2500 kW/m?>K. Effective thermal conductiv-
ity may be a function of length. For some embodiments, a
thermal conductivity for a specific purpose may thus be deter-
mined by length.

In addition to the length effect, FTGP thermal conductivity
may also be affected by the thickness of vapor core for some
embodiments. FIG. 13-5 may show the effect of thickness.
The vapor core thickness may play a role in governing the
overall performance of FTGP. The vapor pressure may drop
between the evaporator and the condenser for some embodi-
ments may become more sensitive to vapor core thickness
when the FTGP is longer than 5 cm. For some embodiments,
ahigher pressure drop may result in a higher temperature drop
and hence brings much lower thermal conductance during the
process of vapor transportation from the evaporator to con-
denser. Merely by way of example, when the vapor core is
reduced to 0.15 mm, the maximum performance of FTGP
may be 5148 W/mK. For some FTGP embodiments, the vapor
core thickness may be larger than 0.5 mm.

Table 4 below summarizes parameters for some embodi-
ments of a novel micro/nano wicking structure for FTGP.
Merely by way of example, microchannels with 200 lam
feature size may serve as liquid transportation passages
between the evaporator and the condenser to minimize the
flow resistance.

TABLE 4
Nano Pores Copper
in Nanomeshes  Micro Cubes  Microchannels
Geometric magnitude 400 nm 50 um 200 pm
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Table 5 below merely provides some comparison in the
performance of some embodiments with state-of-the-art con-
figurations. The capillary pressure resulting from evaporation
may be enhanced 800x by this wicking structure for some
embodiments. The flow resistance may increase due to the use
of' micro cubes; however, for some embodiments, this may be
mitigated by only using 50 pum cubes in the evaporator region.
In other regions, 200 microchannels may be used and their
pressure drop may be small. For heat removal capability, a
micro/nano structure may enhance the surface area, increas-
ing the evaporator’s effective heat transfer coefficient by
500x for some embodiments.

10
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with flexible circuit manufacturing, in which 25 pum lines/
spacings may be typically the smallest features possible.
Diblock co-polymer may be used in some embodiments to
address this challenge.

For some embodiments, a block copolymer molecule may
contain two or more polymer chains attached at their ends and
can self-assemble to form a nanoscale structure with a micro-
domain. Block copolymer films may be prepared by the spin-
coating technique. The film thickness and the surface rough-
ness may be controlled through the spin speed, the
concentration of the block copolymer solution or the volatil-
ity of the solvent. The volume fraction of the components, the

TABLE 5
Capillary pressure Flow resistance Surface area
4o - cos(8) 2fRe; L A
AP = — flow ~ )
T e > D2, b=5
Parameters Contact angle  Pore size Large particle Length volume ratio
Elements ) (dpore) Deupe) @©) B
Existing number [8] cos(60°) = 0.5 100 pm ~100pm  ~40cm  1.2x10°m™!
Proposed number cos(10°)=0.99 400 nm ~50 pm ~5 cm 6x10°m™
Component improvement 2X 400X 4X -8x 500X
Net improvement ~800 X -2X ~500 X

Embodiments also provide methods for fabrication and
assembly of FTGP compatible with different circuit manu-
facturing, including but not limited to flexible circuit manu-
facturing. Some embodiments may involving the following:
a) diblock copolymer for the maskless fabrication of the
hybrid micro/nano-scaled wicking structure, b) atomic layer
deposition for hydrophilic, hydrophobic and hermetic coat-
ings, and ¢) matching of coefficients of thermal expansion
(CTE) with a liquid crystal polymer (LCP) substrate that is
selected as the casing material for FTGP.

Some embodiments may involve maskless fabrication of
hybrid micro/nano-scaled wicking structure. In some
embodiments, nanorods and nanomeshes covering the micro-
scaled features may be utilized with micro/nano wicking
structure. FIG. 14 may show structural and property features
for some embodiments. FIG. 14 may include a hybrid micro/
nano wicking structure that may be fabricated by a process
compatible with flexible circuit manufacturing. Some
embodiments may feature wick thermal conductivity. Fabri-
cating hybrid micro/nanostructures directly out of copper or
other metal or thermally conductive material may ensure
good contact between the micro and nanostructures, in addi-
tion to its intrinsic high thermal conductivity (K=400 W/m K)
for some embodiments. Merely by way of example, with a
reasonable porosity (<0.6), embodiments may achieve
K,,;x=100 W/m K. Some embodiments may involving creat-
ing a micro/nano-scaled structure to assure reliable heat pipe
operationunder 25 g acceleration. Merely by way of example,
a structure with 50 um microcubes and 400 nm nanomeshes
may generate pressure sufficient to overcome the pressure
load resulting from the 25-g acceleration, anywhere from
room temperature up to 80° C. Some embodiments, merely
by way of example, may achieve 2,500 kW/m’K for the
evaporator’s heat transfer coefficient. The liquid may flow
through the microcubes to nanomeshes so that the phase
change phenomena can happen on top of the microcubes. For
some embodiments, nanorods between microcubes and
nanomesh, shown in FIG. 15, may supply a liquid.

However, it may be challenging to fabricate nano-scaled
features on micro-scaled features while being compatible
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rigidity of the segments in each block, the strength of the
interactions between the segments, and the molecular weight
may contribute to the size, shape, and ordering of the micro-
domains.

For some embodiments with micro/nano wicking struc-
ture, diblock copolymers composed of polystyrene and poly-
methylmethacrylate, denoted P(S-b-MMA), may be applied
to form a rich variety of nanoscale periodic patterns and to
offer the potential to fabricate high-density arrays. PS-b-
PMMA is known to be stable, compatible with current pho-
tolithography processes and amenable to multilayered device
fabrication. FIG. 15 shows the fabrication process of nano-
rods using diblock copolymers that may be used for electro-
plating copper nanorods with etching copper nanomeshes, for
some embodiments. After spin-coating, Poly(methyl meth-
acrylate) (PMMA) and polystyrene (PS) may be annealed and
electrically aligned. The PMMA molecules may then
removed by UV exposure and rinse. Merely by way of
example, the pores remaining may be in the range between 10
nm and 2 um. Process optimization may be conducted to
reach the target dimension of ~30 nm for the nanorods and
~400 nm for the nanomeshes for some embodiments. The
co-polymer template may then be used as a mask to etch
nanoscaled features or for electroplating.

Some embodiments may involve Atomic Layer Deposition
(ALD) for Hydrophilic, Hydrophobic and Hermetic Coat-
ings. For some embodiments, AL.D may be important to the
hydrophilic and hydrophobic coatings on micro/nano-scaled
wicking structures due to its nanoscale thickness for
extremely low intrinsic thermal resistance. Merely by way of
example, for the hydrophilic coating’s expected ~0° contact
angle in water, the self-assembled monolayer may have
hydrophillic functionality using polar chemical groups such
as —OH or —(OCH,CH,), OH [PEG]. ALD SiO, and TiO,
coatings may then be applied on nanorods/nanomeshes of the
evaporator for some embodiments.

ALD alkylaminosilanes polymer may be formed with
covalent bonding to the hydroxyl groups on an ALD alumina
layer (see FIG. 5, for example) attached to the nanorods/
nanomeshes for some embodiments. This ALD process
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developed for MEMS may provide advantages over self-
assembled monolayer. Merely by way of example, the contact
angle with water on a planar surface may be about 108° and
can be more than 160° for ALD superhydrophobic nanostruc-
tures. Moreover, ALD alumina coating may provide an excel-
lent water vapor barrier for some embodiments (see FIG. 6,
for example). The water vapor permeability may be 1.7x107>
gm/m? day, which is about 50,000x lower than the 1 gm/m?>
day for a typical polymer.

For some embodiments, ALD hydrophilic, hydrophobic
and hermetic coatings may be used. Aging effects on the
permeability may be shown in FIG. 6. The ALD alumina may
be slowly damaged by the liquid water and high humidity
moisture in some embodiments. However, ALD SiO, may
survive in such an environment. Additional ALD SiO, or
fluoropolymer on top of ALD alumina may be used to for
some embodiments.

Producing high quality ALD coatings over copper surfaces
may have challenges. As shown in FIG. 16, many defects may
be identified by electroplating copper onto an AL D-alumina-
coated over a copper surface. Copper surfaces may oxidize
quickly. For some embodiments, ALLD-on-copper coating
may see a reduction in the defect density by at least 1000x.
FIG. 16 shows defects that may be identified from ALD-
alumina-coated copper.

For some embodiments, liquid crystal polymer (LCP) may
be used as a casing materials for FTGP. LCP may have low
moisture permeability, which is good for the hermetic sealing
needed to assure extremely low fluid loss. Polyimide material
commonly used for fabricating flexible circuit boards can be
good alternative to LCP.

Referring back to FIG. 7, this shows embodiments with the
micro/nano-scaled evaporator structure fabricated on LCP for
some embodiments. An evaporator may then be thermally
connected to an intermediate dummy chip through thermal
vias and copper pads. The effective CTE of the dummy chip
may be collectively influenced by the LCP, the copper vias,
and the chip attachment material. For some applications,
thermal vias and the dummy chip’s die attachment may be too
thermally resistive. In such eases, one may apply a configu-
ration with the evaporator structure directly fabricated on the
dummy chip for some embodiments (see FIG. 7-b) with
excellent thermal performance. This chip may be attached to
the LCP flexible circuit for some embodiments.

FIGS. 17 shows embodiments of a finite element model in
atest case with GaAs attached to a copper pad, which is to be
fabricated on the LCP substrate. FIG. 17-a shows a 3-D
structure of chip-on-chip-on copper/L.CP. FIG.17-b shows a
finite element modeling conducted for dummy chip on copper
structure. FIG. 17-¢ shows a deformation of the dummy-
epoxy-copper (structure/stack) (deformation is not to scale.
The table below may demonstrate that the effective CTE of
the GaAs dummy chip may be matched through structure
design and materials selection using epoxy or solder. The
table may show the effective CTEs of GaAs dummy chip
attached to a copper pad through Au80Sn20 solder and epoxy
CTE matches between the dummy and the real GaAs Chips.

GaAs-AuSn-Copper Structure

Thermal
CTE at the top CTE of Expansion
Thickness [um] surface of GaAs GaAs Mismatch
# GaAs AuSn Copper [ppm/° C.] [ppm/° C.] [%]
1 300 50 300 6.88557 6.9 0.21
2 100 10 100 6.76489 6.9 1.96
3100 10 150 6.92355 6.9 0.34
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-continued

GaAs-Epoxy-Copper Structure

Thermal

CTE at the top CTE of  Expansion

Thickness [um] surface of GaAs GaAs Mismatch
# GaAs Epoxy Copper [ppm/° C.] [ppm/° C.] [%]
1 500 30 10 6.740750 6.9 2.31
2 500 25 10 6.796948 6.9 1.49
3500 20 10 6.882974 6.9 0.25
4 500 15 10 6.968744 6.9 0.99
5 500 10 10 7.083829 6.9 2.66
6 400 10 10 6.787219 6.9 1.64

Some embodiments may involve different fabrication and
assembly steps including the following: I) integration of
micro structures (thermal vias, microcubes in evaporators and
condensers, and microchannels for liquid flow path) and flex-
ible circuit with copper microstructures; II) nanostructure
fabrication using diblock copolymer template; I1I) ALD
hydrophilic coating on evaporators and ALD selective hydro-
phobic coating on condensers; and V) assembly process.

Some fabrication and assembly embodiments may involve
astage involving LCP flexible circuit with copper microstruc-
tures. Merely by way of example, flexible circuit vendors may
provide fast and flexible design of liquid crystal polymer
(LCP) substrates with copper through-hole vias and copper
microstructures and multilayer flexible circuits. For some
embodiments, copper through-hole vias may be processed by
laser drilling and subsequent electroplating, as shown in FIG.
18. For multi-function circuit applications, multi-layer LCP
structures may be finished by hot oil press or autoclave.

Some fabrication and assembly embodiments may involve
a stage involving nanowick fabrication. For some embodi-
ments, with a LCP substrate, a block copolymer template may
be used to achieve high density nanorod and nanomesh struc-
tures in the condenser and evaporator. To fabricate the
designed micro/nanostructures as shown in FIG. 14, one may
advantage of the following attributes of co-polymer tem-
plates: 1) the size of the nanostructures can be controlled by
the ratio of the copolymers and 2) the co-polymer template
can be used for both etching and deposition masks. The first
copolymer template may be used to electroplate copper nano-
rods and then use the second copolymer template to etch the
copper nanomeshes. The sizes of rods may be controlled and
optimized. Detailed Stage II processes for some embodi-
ments are shown in FIG. 19-a.

FIG. 19-a shows a method of fabrication process of copper
nanomeshes on copper micro structures using co-polymer
templates for some embodiments. The process may use the
first copolymer template to electroplate copper nanorods and
then uses the second copolymer template to etch the copper
nanomeshes. The feature sizes may be controlled and opti-
mized.

The method of fabrication process of copper nanomeshes
on copper micro structures using co-polymer templates for
some embodiments shown in FIG. 19-a. The method may
include a planarization process by spin-coating photoresists
and then soft baking at Stage II-a. The method may include
spin coating of 1% diblock copolymers (PS-b-PMMA, for
example), at Stage II-b. At Stage II-c, electrical field align-
ment and annealing may occur. Deep ultraviolet exposure and
removal of PMMA may occur at Stage II-d. At Stage 1l-e,
electroplating of copper nanorods may occur. Copper film
deposition by E-Gun evaporation may occur at Stage II-f.
Spin coating of 2" diblock copolymers (PS-b-PMMA, for
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example) for nano-meshes may occur at Stage I1-g. Stage II-h
may include electrical field alignment and annealing. Deep
ultraviolet exposure and remove of PMMA more occur at
Stage II-i. Removal of copper film by wet etching and
removal of 2¢ copolymer may occur at Stage I1-j. Removal of
1% copolymers may occur at Stage I1-k. And removal of pho-
toresistor may occur at Stage II-1.

FIG. 19-b shows another method of fabrication process
involving hybrid copper micro/nano structures. The copper
micro/nano-wicking structure may be fabricated by integra-
tion the photolithography and porous anodic alumina (PAA)
template techniques, as shown in FIG. 19-b. Photoresist (PR)
with designed micro-pattern may be created on the top of
copper plate by using the photolithography process, and then
the copper can be filled into these micro-pores by electroplat-
ing to obtain the ordered copper micro-pillars. The size of
micro-pillars may be relative to the photolithography mask
size, and the length of Cu pillars can be controlled by adjust-
ing the electro-plating time. After removing the photoresist in
acetone, atomic layer deposition (ALD) coating of a thin
Al,O; layer and subsequent absorbing FOB(DMA)S chains
may be applied on the surface of as-prepared copper micro-
pillar arrays, which could lead to the formation of hydropho-
bic surface. Then, photoresist may be spin-coated again to fill
the gap between copper micro-pillars, and a flat surface can be
obtained after the polishing process. By placing the PAA
template on the top of these Cu microchannels and electro-
plating, free-standing Cu nanowire arrays can be fabricated
juston the copper micro-pillars because of the confinement of
PAA nanochannels for some embodiments. In the place of
photoresist, no copper nanowire may be formed due to its
electrical insulation. The as-obtained copper nanowire arrays
may be modified to be hydrophilic by coating a thin layer of
TiO, using ALD process. The copper micro/nanowicking
structure with separated hydrophobic and hydrophilic surface
may be obtained.

FIG. 20 illustrate the product after Stage [ and Stage 2 for
some embodiments. A microcube matrix in the evaporator
and condenser (results of Stage I) may ensure a continuous
liquid supply with low flow friction resistance both vertically
and laterally. Fabricating a continuous nanomesh may sustain
in a micro-porous environment, ensuring appropriate opera-
tion under high g acceleration and orders of magnitude
enhancement in phase change heat transfer for some embodi-
ments. Obtaining evaporation or condensation at the
microcubes may ensure low thermal resistance from case to
phase-change site. This may be achieved by an intermediate
nanorod layer between the microcubes and the top nanomesh
layer, which may assure flow continuity from the phase-
change front at the evaporator and condenser (results of Stage
1) may ensure a continuous liquid supply with low flow
friction resistance both vertically and laterally. Fabricating a
continuous nanomesh may sustain in a micro-porous envi-
ronment, may ensure appropriate operation under high g
acceleration and orders of magnitude enhancement in phase
change heat transfer. Obtaining evaporation or condensation
at the microcubes may ensure low thermal resistance from
case to phase-change site. This may be achieved by an inter-
mediate nanorod layer between the microcubes and the top
nanomesh layer, which assures flow continuity from the
phase-change front at the nanostructures to the microwicks
for some embodiments. FIG. 20-a shows micro/nano wicking
structure for a super-hydrophilic evaporator. FIG. 20-b shows
a micro/nano wicking structure for selective AL.D hydropho-
bic/hydrophilic coating.

Some fabrication and assembly embodiments may involve
a stage involving ALD hydrophilic coating on evaporators
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and ALD selective coating on condensers. After hybrid
micro/nano wick structures are fabricated, nanoscale-thick-
ness ALD coatings which offer extremely low intrinsic ther-
mal resistance may be coated on the wick structures. ALD
alumina may be coated to cover every feature first for inner
hermetical seal. ALD Si0, or TiO, hydrophilic coatings may
thenbe applied. For the condenser, ALD hydrophobic coating
may be applied with a pattern shown in FIG. 20-4. Such a
pattern may promote dropwise condensation on the hydro-
phobic sites and quickly remove droplet through hydrophilic
wicking Selective ALD coating may be accomplished using
photoresists or other sacrificial layer to cover unwanted
regions. ALD may be coated at atemperature as low as 50°C.,
so we will have many options for the sacrificial materials.

Additional stages may involve fabrication of hybrid micro/
nano-wicking structures for evaporators, condensers, and low
flow resistance micro channels that can operate under high-g
accelerations.

Some fabrication and assembly embodiments may involve
a stage involving an assembly process. The assembly process
may include the following steps: a) die attach of the dummy
chip, b) lamination, ¢) ALD hermetic sealing, and d) charg-
ing.

For some embodiments, after lamination, ALD Al, ,; and
Si0,, may be applied to encapsulate the entire exterior of the
assembly. ALD Al,O; also may act as an excellent gas diffu-
sion barrier and hermetic seal. The ALD Al,O; may have the
ability to nucleate and grow on polymers even if the polymers
do not contain chemical functional groups. The barrier prop-
erties of the ALD Al,O; films on polymers have been excel-
lent. The water vapor permeability may be only 1.7x107°
gm/m? day, which is about 50,000x lower than 1 gm/m> day
for a typical polymer for some embodiments. For some
embodiments, however, ALD Al,O; may need to be protected
from water damage. The protection may be provided by addi-
tional ALD SiO, or fluoropolymer on top of ALD alumina.

Additional Methods for Fabricating a Flexible Thermal
Ground Plane

Previous sections of this Application provide means for
fabricating a flexible thermal ground plane. Additional means
to fabricate a flexible thermal ground plane are now
described.

The flexible thermal ground plane device (FTGP) may
serve as a flexible board to spread heat generated from high
power integrated circuits to a large area.

Embodiments disclosed below may include the use of
micro-meshed copper sheets. As shown in FIG. 21, a piece of
commercially available copper mesh may be used as a mem-
brane separating a vapor and a liquid transport region. In
some embodiments, the copper mesh may be replaced by
membranes with nano-scaled features to enhance heat trans-
fer performance in some embodiments.

Methods and means for fabricating a FTGP as disclosed
may be implemented as now described. It will be recognized
by those of'skill in the art that various modifications, alterna-
tive constructions, and equivalents may be used without
departing from the spirit of the invention. Accordingly, the
following description should not be taken as limiting the
scope of the invention.

In one embodiment, a means for fabricating a FTGP may
begin with a 100 pm (4 mil) thick liquid crystal polymer
(LCP) with double sided 18 pum copper (Cu) lamination.
While FIG. 22 reflects a size of a current test vehicle as 6
cmx3 cm, it can be any size the user desires. Other thickness
of LCP and Cu lamination may also be used within the spirit
of the invention, along with different types of LCP and dif-
ferent types of conductive lamination may be used.
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FIG. 23 shows steps for fabricating a FTGP where one may
etch away the copper to serve as a mask for micro-via forma-
tion. The top surface may be coated with positive photo-resist
(PR). The PR may be UV exposed and developed to form a
negative mask of the via holes, which are 100-200 pum for the
current test vehicle. Other hole sizes may be created. The
piece may then submerged in liquid copper etchant until the
LCP may be seen through the top layer of copper. The PR may
then removed with acetone or other suitable solvent. FIG. 33
also shows two collections of holes. These holes may repre-
sent the eventual placement of an evaporator region and a
condenser region, and may have different overall areas.
Merely by way of example, the evaporator region may be 1
cm by 1 cm as shown in FIG. 23. Merely by way of example,
condenser region may be 2 cm by 2 cm as shown in FIG. 23.
The sizes of evaporator and condenser regions may be varied
depending the different requirements of the FTGP.

FIG. 24 shows additional steps that may be used for fabri-
cating a FTGP. The FTGP vehicle or piece may be submitted
to reactive ion etching (“RIE”) to cut micro-vias in the LCP
layer. The RIE process may use a CF,—O, plasma etch. Since
the etching process may not be uniform throughout the cham-
ber, each sample may be rotated 180° every hour to maintain
an even height on all vias. Merely by way of example, the
process may take approximately 10 hours with a 16 ccpm-4
ccpm tlow rate. Other process times, flow rates, etching pro-
cesses and materials, and rotations may be used for etching
steps.

FIG. 25 shows one cross section view of an embodiment
with micro-vias formed in LCP with RIE. Other dimensioned
micro-vias may be formed.

FIG. 26 shows additional steps that may be used for fabri-
cating a FTGP. A top layer may be etched or removed and
micro-vias may be filled with copper electroplating. In some
embodiments, a tape or mask may be applied to the bottom
and to the via areas first. Then, the piece may be immersed in
liquid copper etchant. Once the top copper may have been
dissolved, the tape or mask may be removed from the copper
on the via areas. The piece may then be placed in an etchant
again. This may prevent the etchant from dissolving the bot-
tom layer of copper and compromising the hermeticity of the
final test vehicle.

FIG. 27shows one embodiment with a cross section of
copper filled micro-vias through L.CP.

FIG. 28 shows additional steps that may be used for fabri-
cating a FTGP. The FTGP piece may then be fastened to an
acrylic frame and then placed in a copper electroplating appa-
ratus. The frame may prevent distortion of the sample from
stresses as the plating proceeds. Merely by way of example, it
may take approximately 4 hours for the copper to plate above
the top surface of the LCP layer. At that point, the top of the
vias may meet and form one large pad. The pad may then
polished smooth. Merely by way of example, a thin layer (200
nm) of Cu may be evaporated on the pad. It may be electro-
plated to make it 18 pm thick and the evaporator and con-
denser regions may be patterned with photolithograph and
copper etchant. Other thicknesses of Cu may be used in
different embodiments. Different electroplating materials
may also be used in embodiments.

FIG. 29 shows additional steps that may be used for fabri-
cating a FTGP. To maintain a planar mounting surface for the
heat generating components, thin Cu or other material plates
may be fastened to evaporator and condenser sections of the
FTGP.

FIG. 30 shows additional steps that may be used for fabri-
cating a FTGP. The bottom layer of copper may be electro-
plated to 50 um thick and may be patterned with photolithog-
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raphy and copper etchant to form the micro channels (wicking
structures). The via pads (now at the bottom) may be covered
with tape to prevent damage from the etchant. In some
embodiments, different thicknesses for a bottom layer of
copper may be used. Different sized micro-channels may also
be formed for different embodiments.

FIG. 31 shows an SEM image of one embodiment with
copper micro-cube evaporator structures formed with photo-
lithography and copper etchant.

FIG. 32 shows additional steps that may be used for fabri-
cating a FTGP. Nano wick structures may be formed on the
top surface of the micro flow channels. Di-block co-polymers
may be used to fabricated the nanocolumns. Other polymers
and materials may be used to fabricate nanocolumns.

FIG. 33 shows additional steps that may be used for fabri-
cating a FTGP. Atomic layer deposition (ALD) coatings may
be applied to a micro mesh to promote hydrophobic and
hydrophilic behavior of the condensed liquid.

FIG. 34 shows additional steps that may be used for fabri-
cating a FTGP. Copper channels may be coated with evapo-
rated titanium (for adhesion) and then gold. Other materials
may be used for these coating steps. The piece may then
plated with gold and a micro-mesh is bonded to the cubes and
channels. The mesh may serve as a wicking structure.

FIG. 35 shows an SEM image of a micro-mesh wicking
structure in one embodiment. Merely by way of example, the
holes may be 5 um with a 11 pm pitch.

FIG. 36 shows a cross section view of bonded Cu mesh to
the micro-channels and Cu filled thermal vias for one
embodiment.

FIG. 37 shows additional steps that may be used for fabri-
cating a FTGP. To prevent collapse of a flexible polymer
cover, acetal polymer spheres may be strategically placed and
bonded to the structure with epoxy resin. Acetal polymer may
used because of its low water absorption rate. Other support
members may be used in some embodiments. The structure
may be encased with a spacer (FR-4 as an example), topped
with an ALD coated LCP cover. The methods may be used for
bonding are either a thermosetting (thermo-bonding) poly-
mer or epoxy resin.

FIG. 38 shows the top and bottom view of an a completed
FTGP vehicle in accordance with various embodiments. In
some embodiments, the bonding between the copper mesh
and the cubes may be done by electroplating or by thermo-
compression or thermosonic bonding. For hermetic sealing in
some embodiments, ALLD-based barrier coating may be used
to cover the polymer outside surface. In addition, commer-
cially available polymer films with barrier coating may be
used as the base material, e.g. liquid crystal polymer illus-
trated.

FIG. 38 shows one embodiment of an FTGP that may be
used to test the fabrication process and to determine the
effective thermal conductivity of an FTGP. A schematic of
another embodiment of an FTGP apparatus is shown in FIG.
39 that may also be used for characterization of different
FTGPs, including determining the effective thermal conduc-
tivity of an FTGP device.

An FTGP may be evacuated of all non-condensable gasses
and then charged with a specific amount of de-ionized (DI)
water. After charging, the fill tubes may be crimp sealed and
then soldered shut. The condenser area may then be placed in
aheat exchanger and a variable power ceramic heater may be
fixed onto the evaporator pad. Water may be run through the
heat exchanger and the heater may be switched on. The tem-
peratures of the thermocouples (mounted on the FTGP) may
be monitored until they reach a steady state value. At this
point, the effective thermal conductivity may be calculated.
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Merely by way of example, the performance of a flat poly-
mer heat pipe may be measured by finding the effective ther-
mal conductivity of the device. This is done by using Fouri-
er’s Law of heat conduction, for example:

Qo AX

ket = T T

The device, as shown in FIG. 39 for example, may be
mounted in a water heat exchanger to measure q,,, which is
the heat transferred by the heat pipe to the flow of water in the
heat exchanger. The center to center distance of the evapora-
tor and condenser may be defined by Ax. The cross sectional
area of the heat pipe is A. T, and T, may be the average
temperature of the evaporator and condenser respectively.
These temperatures of these sections may be monitored with
k-type thermocouples mounted with thermal epoxy in the
locations indicated by the black dots in FIG. 39, for example.

The heat transferred to the water may be calculated by the
relation,

qout:mc(Tout_ Tm)

The temperatures of the water in, T,,, and the water out,
T,,» may also monitored with k-type thermocouples. The
mass flow rate of the water may be defined as rh and the
specific heat of the water may be defined as c.

Merely by way of example, a 0.7 cm® square ceramic heater
may be clamped to the evaporator and supplied the heat to the
device.

Merely by way of example, a flat polymer heat pipe testing
system as shown in FIG. 39 for example may be used. The
electrical power supplied to the heater may be adjusted to 3, 5,
or 7.5 W, for example, and the heat pipe may be oriented
either horizontally or vertically with adverse gravity (evapo-
rator on top). The device may operated until steady state
temperatures were achieved. FIG. 40 provides some data
regarding the effective thermal conductivity calculated with
time.

FIG. 40 may show that the best performance of 850
W/m*K occurred at an input power of 3 W in the horizontal
orientation and the worst performance, 450 W/m*K, occurred
at 5 W in the vertical orientation. The effective thermal con-
ductivity may also measured for the heat pipe containing no
charge and heat transfer was due to pure conduction through
the LCP, FR4, glass, and air, merely by way of example. This
may then compared to the theoretical conductivity of the
non-charged heat pipe and this may also be seen in FIG. 40.

Having described several embodiments, it will be recog-
nized by those of skill in the art that various modifications,
alternative constructions, and equivalents may be used with-
out departing from the spirit of the invention. Accordingly, the
above description should not be taken as limiting the scope of
the invention, which is defined in the following claims.

What is claimed is:

1. A thermal ground plane comprising:

a first planar substrate member comprising a polymer
layer;

a second planar substrate member comprising a polymer
layer and configured to enclose a working fluid in con-
junction with the first planar substrate member, wherein
the second planar substrate member and the first planar
substrate member are hermetically sealed along more
than two edges;

an evaporator region disposed at least partially on at least
one of the first planar substrate member and the second
planar substrate member;
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acondenser region disposed at least partially on at least one
of the first planar substrate member and the second pla-
nar substrate member;

a liquid channel disposed between the condenser region
and the evaporator region and between the first planar
substrate member and the second planar substrate mem-
ber;

a vapor core disposed between the first planar substrate
member and the second planar substrate member; and

a mesh layer separating the liquid channel and the vapor
core disposed between the first planar substrate member
and the second planar substrate member,

wherein the working fluid, in liquid form, flows through the
liquid channel from the condenser region to the evapo-
rator region without passing through the vapor core,

wherein the evaporator region and the condenser region are
separate and distinct regions located at a distance from
each other,

wherein the first planar member and the second planar
member are flexible,

wherein the thermal ground plane has a thickness less than
1 mm, and

wherein the thermal ground plane has an in-plane thermal
conductivity of greater than 500 W/mK where the
evaporator region comprises a wicking structure, where
the condenser region comprises another wicking struc-
ture, where the mesh layer is coupled to the wicking
structure of the evaporator region and the wicking struc-
ture of the condenser region such that the mesh layer is
spaced apart from the first and second planar substrate
members to define the liquid channel.

2. The thermal ground plane of claim 1, wherein either or
both the first planar substrate member and the second planar
substrate member comprises a thin metal layer.

3. The thermal ground plane of claim 1, wherein polymer
layer includes a liquid crystal polymer.

4. The thermal ground plane of claim 1, further comprising
a moisture barrier layer coupled with the polymer layer.

5. The thermal ground plane of claim 4, wherein the mois-
ture barrier layer includes at least an atomic layer deposition
coating, a chemical vapor deposition coating, or thin metal
laminate coating.

6. The thermal ground plane of claim 1, wherein the wick-
ing structure of the evaporator region is a microwicking struc-
ture.

7. The thermal ground plane of claim 1, wherein the wick-
ing structure of the evaporator region is a nanowicking struc-
ture.

8. The thermal ground plane of claim 7, wherein the
nanowicking structure includes nanorods.

9. The thermal ground plane of claim 1, wherein the mesh
layer comprises a nanomesh layer.

10. A thermal ground plane system comprising:

a first planar substrate member comprising a polymer

layer;

a second planar substrate member comprising a polymer
layer, wherein the second planar substrate member and
the first planar substrate member are hermetically sealed
along more than two edges;

an evaporator region disposed at least partially on at least
one of the first planar substrate member and the second
planar substrate member, the evaporator region compris-
ing:

a first wicking structure;

acondenser region disposed at least partially on at least one
of the first planar substrate member and the second pla-
nar substrate member, the condenser region comprising:
a second wicking structure;

a liquid channel disposed between the condenser region
and the evaporator region and between the first planar
substrate member and the second planar substrate mem-
ber;
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a vapor core disposed between the first planar substrate

member and the second planar substrate member; and
a mesh layer separating the liquid channel and the vapor
core and disposed between the first planar substrate
member and the second planar substrate member,

wherein a working liquid flows through the liquid channel
from the condenser region to the evaporator region with-
out passing through the vapor core,

wherein the evaporator region and the condenser region are

separate and distinct regions located at a distance from
each other,

wherein the first planar member and the second planar

member are flexible,
wherein the thermal ground plan has a thickness less than
1 mm, and

wherein the thermal ground plane has an in-plane thermal
conductivity of greater than 500 W/mK where a third
wicking structure is coupled to the first wicking struc-
ture, where the mesh layer is coupled to the second
wicking structure and the third wicking structure such
that the mesh layer is spaced apart from the first and
second planar substrate members to define the liquid
channel.

11. The thermal ground plane system of claim 10, wherein
at least one of the first wicking structure or the second wick-
ing structures includes a microwicking structure.

12. The thermal ground plane system of claim 10, wherein
at least one of the first wicking structure or the second wick-
ing structures includes a nanowicking structure.

13. The thermal ground plane system of claim 10, wherein
the third wicking structure comprises at least a nanowicking
structure or a microwicking structure.

14. The thermal ground plane system of claim 10, wherein
the third wicking structure includes at least a plurality of
nanorods or a nanomesh.

15. The thermal ground plane system of claim 10, further
comprising a moisture barrier coating coupled with either or
both the first planar substrate member and the second planar
substrate member.

16. The thermal ground plane system of claim 10, further
comprising a plurality of thermally conductive vias coupled
with either or both the first planar substrate member and the
second planar substrate member.

17. The thermal ground plane system of claim 10, further
comprising a thermally conductive member coupled with
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either or both the first planar substrate member and the second
planar substrate member, wherein at least one of the first
wicking structure or second wicking structure is made on the
high thermal conductivity member.

18. The thermal ground plane according to claim 1,
wherein either or both the first planar substrate member and
the second planar substrate member comprises a polymer and
a barrier coating that creates a hermetic seal.

19. The thermal ground plane according to claim 1,
wherein the evaporator region and the condenser region are
coupled with the first planar substrate member.

20. The thermal ground plane according to claim 1,
wherein the evaporator region is disposed on the first planar
substrate member and the condenser region is disposed on the
second planar substrate member.

21. The thermal ground plane according to claim 1,
wherein the evaporator region is disposed on the first planar
substrate member and the condenser region is disposed on the
first planar substrate member.

22. The thermal ground plane according to claim 1,

wherein the evaporator region is placed on the first planar

substrate member; and

wherein the condenser region is placed on the second pla-

nar substrate member.

23. The thermal ground plane system of claim 10, wherein
the evaporator region is disposed on the first planar substrate
member and the condenser region is disposed on the second
planar substrate member.

24. The thermal ground plane system of claim 10, wherein
the evaporator region is disposed on the first planar substrate
member and the condenser region is disposed on the first
planar substrate member.

25. The thermal ground plane system of claim 10,

wherein the evaporator region is placed on the first support

member; and

wherein the condenser region is placed on the second sup-

port member.

26. The thermal ground plane system of claim 10, wherein
either or both the first planar substrate member and the second
planar substrate member comprises is a flexible.

27. The thermal ground plane according to claim 1,
wherein either or both the first planar substrate member and
the second planar substrate member is a flexible support
member.



